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TWO- STROKE-CYCLE EITGIIIES WITH Ull SYMMETRICAL CONTROL DIAGRAM* 

(Supercharged Engines)** 
Sy J. Zeiaan 

IHTRODUCTIOIT 



The exhaust port in 2-stroke-cycle engines with sym- 
metrical control diagrams (fig. 1) must alv/ays he higher 
than the scavenging port. because of the exhaust lead. In 
Diesel engines and in many Otto engines of the 2-stroke- 
cycle type the width of the exhaust port is also greater 
than that of the scavenging port; hence the time area for 
the exhaust is in all cases suhstant ially greater than for 
the scavenging air inlet. In conseq[Uence , no appreciahle 
pressure rise can occiir in the cylinder during scavenging, 
and if it should happen, it is approximately equalized 
again to atmospheric pressure hy the still open exhaust 
port after termination of scavenging. For that reason, it 
is admissihle in mathematical studies of scavenging to 
equate the pressure in the cylinder to atmospheric pressure 
This premise and the f^irthor one, that the laws of dis- 
charge applicahlo to uniform flovrs could he used as a hasis 
for the scavenging process - this assumption is douhted 
with apparent justification, in reference 3 - have led to 
methods of calculation for the port dimensions (and all 
quantities related thereto) v^rhich, vfith the application of 
the correction factors ohtained from actual engines, have 
given sufficiently exact results (reference 11). 

The introduction and development of loop scavenging 
have so stimulated the utilization of the cylinder chanher 
that the mean pressure now reaches approximately the same 



* " Zwe i ta-ktnas chinen nit unsynnetrischen Stcuerdiagramnen. 
Automohiltochnische Zeitschrift, vol. 41,. no. 16, August 
25, 1938, pp. 420-34, 

**In this report an engine is termed "supercharged" when 
the cylinder pressure rises during scavetJ.f;ing and exceeds 
atmospheric pressure at start of compression. 
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value as for 4-stroke-cyclD engines, if the part of the 
stroke lost through the ports is taken into account. If 
a further rise of mean pressure is desired, unsymmetrical 
control diagrams (fig*, 2) must "be resorted' to, fot super- 
charging. The constructive means, serving for this pur- 
pose, are: 

1) Interposition of an automatic or cont rolled clos- 

ing device ahead of the elevated scavenging 
ports (Sulzer, Atlas-Diesel, Nohah, Piat , etc); 

2) Disposition of a controlled closing device behind 

the scavenging ports (M.A.W.); 

3) irs-e--of- valve -scavenging, sleeve-valve, double -pis*- 

ton,or auxil iary-r ec ipr ocat ing ■■engi ne (Junkers, 
Doxford, Burmeister and Wain, Ceska Zbroiovka), 

Except for installing an automatic valve in the scavenging 
air duct, the unsymmetry in all cases is achieved through 
the use of two mutually displaced crank gears or one crank 
gear and a rotary control shaft. 

As no investigation of supercharging in 2-stroke-cycle 
engines has been .published up to the present, this article 
is an attempt in that direction, with a view to establishin 
the mathematical principles and the constructive rules for 
the design of such engines. 

In 2-stroke-cycle engines with unsymmetrical control 
diagram (fig. 2), the general rule v/ill be a greater in- 
stantaneous area for the exhaust than that for the scaveng- 
ing air'during the first time interval of scavenging fol- 
lov/ed by ' an interval during which the instantaneous area 
of the exhaust is smaller than that of the scavenging air, 
the process terminating with the scavenging port open but 
the exhaust port closed. At first one is tempted to con- 
sider only the last stage as effective for the supercharge 
(reference 5, fig. 12). But, since by equal gas volume 
per second passing through scavenge and exhaust port, the 
pressure drop at the smaller opening is greater; this very 
fact indicates that some significance attaches to the mid- 
dle stage also.- And this suspicion grows ivhen reasoning 
that the tine interval of the last stage can be- but small 
by the usual arrangements and hence render no effective 
supercharge possible. So the first consideration will have 
to concern the pressure distribution in the cylinder during 
scavenging and for open as well as for closed exhaust. 
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CYLIIJDEE PEESSUEE DUEIiTG SCAYEIIG-Ilia 



In the following it is tenporarily assumed that the 
lead of the exhatist has released the cyl inder ■ charge 
enough so that approximately atnospherio pressure prevails 
in the cylinder when scavenging starts. Cases where no 
such tine interval is provided f,or the exhaust lead will 
he treated later on. 

The flovj- through the cylinder is then such that, ov/- 
ing to the pressure gradient between receiver and cylin- 
der, the scavenging nedium is accorded the inflow velocity 
at which it streans through the scavengiiir; ports. This 
velocity is_lost entirely or partly in the cylinder 
through friction and turhv-leace. Pur expelling residual 
gases and scavenging air through the exhaust ports, it 
again requires a pressure gradient hetweeri cylinder and - 
exhaust collector vmich iiust he contested hy the pressure 
rise caused by the inflov/ing scavenging air. 

On account of the short -tire interval available, no 
appreciable heat exchange is expected between charge and 
cylinder vfall (as proved elsev/here (reference 12)). 

Eenco the follov/ing assariptions nay be upheld: 

1) The flow energy of tno inconing scavenging air is 

destroyed in the cylinder. It corresponds to 
the process of throttling, the air tenperature 
is the sane before and after passing through 

the ports ; 

2) The phase change of the cylinder charge is adia- 

batic ; 

3) It is further presuned that Kusselt's approximate 

theory of flow through diaphragns (reference 6) 
is applicablo to the flow through the ports. 
Since sharp-edged ports are more like diaphragms 
than nozzles and this theory has proved satis- 
factory in similar cases (reference 13), this 
assumption seems well founded, although it will 
be checked by test. 



I nil 
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Notation 

A, constant, according to equation (16) or (19). 

B, constant, according to equation (17) or (SO). 
B, quantity of. fuel (kg) per kg mixture. 

D, cylinder dianoter, (n). 

G, weight , (kg) . 

(x^t gas volune leaving cylinder, (kg). 
* 

^aufl» ti^3.t part of Gg which raises the pressure m 
the cylinder froa Pj^ to P^, (kg). 

Ge . the part of Ggp remaining in cylinder at end 
of scavenging, (kg). 

~ ^aufl ''o ' air-gas mixture availaTsle for ooialius- 
tion, (kg). 

Gg, air (nixture) volune entering the cylinder, (kg). 

^sp ~ ^s " ^aufl« ■'^^^ part of Gg serving for scaveng- 
ing the cylinder, (kg). 

P, pressure in cylinder, (kg/ra^) . 

P„ , pressure in cylinder at opening of scavenge port, 
(kg/ma). 

P,„, mean pressure corresponding to hlower performance 
referred to section and stroke of power piston, 
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(kg/n3) . 

P +, mean pressure corresponding to the theoretical 
hlowcr output, (kg/ms). 

iP , pressure of the atmosphere ( = 10,000 kg/m^), 
(kg/n2). 

P^, minimum cylinder pressure, (kg/m^). 

Pg , scavenge pressure (pressure in scavenge air re- 
ceiver) , (kg/ m®) . 



*aufl is "ooost. 
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pressure in exhaust collector , ..(kg/n^) , 

cylinder pressure. at. closing of scavenge ports, (kg/n^ 

(for air « 29.3) gas constant, 

referred tine interval of exhaust lead. 



general temperature, nean temperature of cylinder 
charge , ( °K) . 

cylinder tenperature at opening of exhaust port, 

tonperaturo of scavenging air in the receiver, 

ttD^ 

nonentary piston di splaccnent , dV = ^ ■ ds 
v8 ttDS 



ttD' 



dy and = - 



(dx + dy) , (n^ ) . 



4 " 4 
volume of charge leaving the cylinder, (n** ) . 

volume of Gg refarrod to state of ati.i o sphe r e , (n^ ) 

volune of charge entering cylinder, (n^ ) . 

volune of Gg^^ referred to P_|^, (n*^ ) • 

voluno of cylinder at closins'^ of scavenge ports, 
(n=). 

volune of conpression chanter, (n"^ ) . 
auxiliary concept (fig. 11), (n'^ ) , 
width of exhaust port, (n) . 
effective fuel consuaption, (kg/hp-h) . 
indicated fuel consuaption, (kg/hp-h). 
v;idth of scavenge port, (n). 
nonentary open exhaust section, (n®). 
nonentary open scavenge section, (m^). 

fa/3 • S • . . 

f s/D . S 
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g, gravity, (n/s^). 
hg^, exhaust-port height measured fron dead center, 

^arel = ^a/ ^ » • 
hg , scavenge-port height, raeasured fron dead center, 

l^sr-el ^s/ s, (n) . 

^ = ^sp/— s. 

r 17332 -j jLjjS 

kg = i (s - ha_) + Vq I /— 4- s, cylinder volume 



re- 



ferred to stroke volume at start of exhaust 
opening, 

^-3 - 7 "IP 

la» momentary free height of exhaust port, neasured 
fron control edge of piston, (□) . 

Ig, momentary free height of scavenge port, neasured 
fron control edge of piston, in). 

^arei = ^a/s 

^Srcl ~ ^s/s 

n, engine r»p»m, 

p, pressure (other than as under . P) , (kg/ cm®). 

Pp , mean effective pressure, (kg/cn^). 

^er' nean effective pressure vrithout suTatraction of 
blower performance, (kg/cn^). 

Pj_, mean indicated pressure, (kg/cm^). 

s, piston stroke, for reciprocating engines: total 
str oke , (n) . 

V, .mean specific volume . of cylinder charge, (n^/kg) , 

Vg, specific volume of scavenging air in the receiver, 
(mS/kg). 
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V, siDGcific voiune- of scavenging air after passing 
through scavenge ports, (n^/kg). 

V , specific voltine of scavenging air in cjT-lindor, 
referred to , (n^/kg). 

X, piston travel, conputed fron top center, (n) » 

y, piston travel, computed from hotton center, (n). 

z , t ime , ( sec . ) . 

a, or arc, crank angle, (deg.)» 

Tin., total "blower efficiency. 

r\^, ncchanical efficiency of the cni^ino. 

K (= 1.4 for air) specific-heat ratio. 

^ connecting-rod ratio. 

"i' ITusselt's discharge factor (reference 6). 

iluGselt's discharge factor for the exhaust port, 
vj/ g 17u&solt's discharge factor for the scavenge port. 
The suljscript "rcl" indicates: interrupted by (referred 
to H-Ml s if , h, and \ excepted). 

The dash ' indicatosi interrupted hy (relative to) 



s 

L s 



r_2: + — 12 1 and f- ^ " ^ + — 1 respectively. 

s STTD2/4 J L s sttD^/4 J 



The pressure change dP in tine interval dz in the 
cylinder can he detcrnincd fron the gas volune inducted in 
the cylinder cLGg, fron the gas leaving the cylinder d&ai 
and the volune change d7 caused hy piston stroke. 

<i»s = ^s fs /— (1) 
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Aside fron cylinder pressure, back pressure, and slot 
area, tlie gas volune leaving through the exhaust ports is 
also dependent on the exhaust-gas temperature and specific 
volune, i.e., whether residual gases, scavenging air, or a 
nixture is exhausted. 

■ Assuming the state of exhaust gas to he identical 
v;ith the nean state of the charge, v/e have 

Because of 

Ps^s = P V (3) 

owing to assunption (l) dGg has, after entering the cyl- 
inder, the volune 

dVs = T d Gg = ^ Psfs-s/PsVs (4) 

v/hile the volune of the gas leaving the cylinder referred 
to noan condition in the cylinder is: 

dVa = V d = \l/afa (5) ' 

The inflowing gas volune displaces part of the charge, 
hence ha-s s. volune-deoreas ing effect; the outflowing gas, a 
volune-incr eas ing effect. Then the charge renaining in the 
cylinder goes through the sane phase change as if the vol- 
ume had changed Tjy the anount of 

^ ^total = Ys + d V,^ + d V (6) 
According to assunption 2, it is: 

d P = - K I d 7^^^^^ (7) 

lieiice fron equations (4) to (?) follows the phase 
equation 

P V = E T PsVs= R (8) 

and fron the relation "between tine , r.p.m., and crank set- 
ting:. 

30 

d z = d a (9) 

n IT 
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30 K J 



^£B-430_y— fa _ d_V * 



In this cqu.ation the hrackoted factors are inTarialsle 
for a certain case; fs/^^ ^a/^* well as 

1 (3. "V • 

— are geonetric functions of a and readily obtaina^ble . 

V d a p p 

'J/g is dependent on the. ratio , on ratio -ii; if 

Pg and P-ii arc considered constant, then if ^ and 

are functions of P T as nean teciperature of the cylinder 
content is dependent on the tonperature of the residual 
f;ases, on the scavenging-air teuperature, on the mixture 
ratio of scavenj^ing air: residual gas (i.e., fron the 
scavenging-air volume entered and left up to the particular 
tine interval and fron the residual-gas volune discharged 
up to the sane insta.nt), and lastly, on the nonentary cyl- 
inder pressure P. Although the presentation of this re- 
lation involves no fundamental difficulty, it nevertheless 
nakos the calculation extremely complicated. However, hy 
virtue of the availahlc data on the tonperature during 
scavenging (reference 5) it is always possible to enter 
the relative value in equation (lO) "by estimation. Bearing 
further in mind that the naxinum which T nay attain, is 
the residual-gas temperature (ahout 500° C.) xjhile the 
lowest possihlo teiiporature rnuGt always be higher than Tg 
(about Tg = 273° + 50° to lOO'O , a var iat i on'^of T within 
the bounds of 773° abs. and 403° abs., i.e., a variation of 
a/t~ within the limits of 28 and 20 nay be counted on. 
Hence, in order to avoid the difficulties introdticed when 
allowing for the variability of T, it is suggested to en- 
ploy a constant nean value of T, so that in general 
should range at around 23-25. Then v/e have as invariable 
values 

♦This equation (10) is the basic equation for all charging 
and discharging processes in 2- and 4-cycle engines. If 
fg = 0, the equation presents the pressure course during 
exhaust (in 2- and 4-cycle engines). If = 0, it is 

the equation for the pressure during the suction stroke in 
4-cycle engines and for the pressure during the pure charg- 
ing period in 2- and 4-cycle engines. If, finally, fg and 
fg_ = 0, it presents the pressure equa.tion during compres- 
sion and expansion, respectively. The conbustion period 
alone is inpossiblo to represent by (1.0), because in its 
formulation heat input and output were excluded conformably 
to assumption. 
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n TT 



n 17 



oan 



and equation (10) assunes the forn: 



d P r72.5 , — 1 f< 



d a 



72.5 r- 1 „ , ' P d V 



x\ general solution of this differential equation is 
out of the question, ■ especially as the functional relation- 
ship "betvfecn \1/ , f, Y, and a and P, respectively, does 
not lend itself to convenient interpretation except in • 
graphical or tabulated forn. Eenco it is reconnended to 
divide the zone of the crank circle in question into a nun- 
her of parts (not necessarily of equal size) and to deter- 

ni-iQ p LJE. in the center of each part for a number of or- 

d a 

dinate values (which v/ith given P is directly possihle). 
In this manner it is possilile, as indicated in figures 5 
and 7, starting fron the known initial state to ohtain a 
broken line which hugs the actu.al integral curve with any 
approxination ( dei-e:,din;- on the sisc of the parts). 0?he 
execu.tion of the process of solution, iirhich for special 
reasons affords in the present case accurate results even 
with relatively rou^jh divisions is taken up a^ain later on. 

The general equation (11) is, for practical purposes, 
nodifiod. In scaveni;ing-slot engines the instantaneous 
port area, f can he referred to dianeter and stroke: ' ' , 



4> 

^ s 



= D B f,^^3_* (12) 



= i) s f„ - (13) 
^rel 



In addition to this: 

♦Any eventually existing inclination of scavenging ports 
tov/ard the axis of the cylinder is to he alloed for. (See 
also reference 11..) 
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V = (s - y) 



+ V, 



or 



V = (s - X - y) 



TT D 



for doulDlc-pi s t on- type engines, -nhevo as a rule Vq can 
"be appraised at 6 percent of the di splacenent : 



or 



S - X - 



0.06 j. 

^ + o.oe} 



Thus equation (ll) assunos the form 



(14) 



d P : 72.5 4 



da inDTT ^ s 



^^s fs' 



rel 



72.5 4 

_ n D TT 



/a? 



neaii 



/ cl y\ ' 1 
\ s / d a 



or 
d P 



d a 



where 



A = 92.3 



B = 92.3 



ean. 



n D 



(16) 
(17) 



Por rectangular ports, it is: 

-s rol *s -"a rel ^ rel 



hence 
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where /tT , , 

A = 92.3 L (19) 

n D 

/t 

B = 92.3 t ^ Ji-iiUiiilL (20) 
n D 

Eq^uation (11) can l)e sinplified sinilarly for valve- 
scavenging engines, although it is not shown here. 

If the scavenge ports for a certain operating state 
are too great it nay happen at the end of the scavenge 
cycle that the pressure P in the cylinder rises higher 
than the scavenginty pressure Pg , in which case the charg 
from cylinder into the scavenge-air receiver is reduced. 
Conforna'bly to equation (5) the air volune leaving through 
scavenging ports in tine interval d z is then: 



^ ^a = ■^s d z (la) 

v/hereloy ^i^g is dependent upon the ratio Pg/P. Then 
equation (10) reads: 



d P 
d a 



n TT I * V 



r 30 K rr- r=r 

V V Tjnean 



TT 



Pxj/^ £^ - 1_I . (10a) 



V Yd 



a 



The constant of the first terra corresponding to this state 

is therefore equal to 3 for eauation (15) and equal to 
I 

B j-^ for equation (18). 
t a 

Dcternination of Scavenging-Air Tolumo 

Aside fron the pressure (or the ohtained torninal 
pressure) the indiicted amount of scavenging in air oust 
"be determined also; first, with a viev/ to the correct di- 
nensions of the scavenging punp ; second, for appraisal of 
the scavenging efficiencyi The employed equation (l)(la) 
is suitably changed to: 
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which, for scavcnge-port type of engines gives: 



_ go /U 
n Try ^£ 



d = / D s vj/g f 3^^^ (22) 

Knowing this, the pressure distrihution '4'^ can he estah- 
lishod and equation (22) integrated, which is preferably 
carried out in sections, whereby the sane divisions as 
for the pressure are employed, i.e., detornined for each 
section 



. „ 30 D S / Pg , , , 



and add up the obtained partial amounts. 



Exporinental Check of EcLuation (10) 

This check was deened necessary for tv/o reasons: 
first, to ascertain V(-hothcr objections raised against the 
use of stationary discharge forr.ulas in the scavenging 
process are founded, then to vcrifj^ the applicability of 
Kusselt's discharge factor to the flov/ through ports. A 
■Junkers double piston engine, type KK 65, engine Fo, 5408, 
vfas available for the test. Its principal data v/ore (a 
sinilar engine is described in reference 5) i 

Bore 65 nn 

Stroke of botton piston 130 nn 

Stroke of top piston 90 un 

lotal. stroke 210 nn 

Crank sotting 15° 

Forn, dimensions, and position of ports are indicated in 
figure 3, The charging punp was cut out by removal of 
the valves and replaced by an electrically driven Hoots 
blovrcr, The inducted air volune was measured with Mano- 
schek type oil oscillation gas neter. An equn.lizing tank 
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of 600 liters capacity v/as iaounted to the pipe line be- 
tween "blower and engine. Unfortunately, lack of space 

prevented nounting the tank closer to the engine, so that 
pressure fluctuations were unavoidable despite the fact 
that the vrholo crankcaso chanTser served equally as re- 
ceiver. The Diesel engine was driven externally, the cyl- 
inder chanher was recorded "by Maihak indicator substitut- 
ing for the injection nozzle, Pigure 4 illustrates one of 
the diasrans as obtained at different scavenging pressures 
and r.p.n. lor the nathenat ical check the stroke curves 
of both pistons were plotted as fractions of the total 
stroke. Then the ports on tho engine were recorded and 
plotted suitably (height in fractions of total stroke, 
v/idths in fractions of cylinder dianeter). The result was 
figure 3, ^-/hich ^ives for every crank setting the nonen- 
tarily opon port areas. P-atting, in addition, the distance 
of tho dead centers at 



. 1.06 = 



S TT 3^/4 



S — X - »" 

the value — + 0,06 can be read direct from the 

s 

chart. Por lack of space the distance 1*06 has been 

shortened to 0.25, for v^hich roaEon it is necessary to add 
0.81 to the recorded figures. The results are appended in 

table 1. The chart also gives the value ^ + ^ 7 . for 

° • s 

each part, thus affording the geometric principles for the 

calctLle,t ion , 

The oxperinontal conditions (fig. 4) further yield: 

A = 92.3 = 92.3 ^IIMJL112I2 = 713000 (16) 

n D 560 X 0.065 



Since there is no ignition or conbustion, >/ '^^^ean ^® 
approximated eqtxal to ^/ Tg during the scavenging cycle. 



V r-i o an fJ Z o o 
B = 92,3 • = 92,3 ~ 48.3 (17) 

n D .550 X 0.065 

The scavenging ports being too great for this revolution 
■speed, scavenging air flows "back into the receiver at ter- 
mination of the scavenging cycle. For this stage-, A is 
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replaced "by 3 P in equation (15). The further procedure 
-with -consideratiDn to. equation (15) , .(■>]/ ^Balues .to, .h takon 
fron reference 6) is forthwith apparent fron tahle 1 and 
figure 5, The latter also shows the actually recorded 
pressure variation taken fron figure 4 and reduced to 
crank angle as conparison. The agreement of the two curves 
is perfect at the beginning and in the niddle of the cycle; 
disBcrepancies occur at the end of scavenging v/hich can he 
sunnarily explained as "bGing due to the sinking of the 
scavenging pressure during this tine interval and to inac- 
curacies in plotting. The first task in conputing the vol- 
uno of scavenging air is to define 

Vg = 39.3 X 363 ^ Q^^g n^/kg 
14750 

whence the constant in equation (23): 



0.065 X 0.21 x 30 /14750 

— / A a 13 0 0 0003 equal to 

560 TT J 0.72 



0.002617 or 0.005234, accordinfi to whether A a, = 0.0785 
or 0.157. 

This constant, raultiplied hy f„ , „ gives the 

^r el ^ 

anount of air inducted during each stage. Its sun in the 
anou.nt of 0.003406 kg/stroke is in good agroenent with the 
noasured value of 0,00365 kg/stroko»- 

This affords proof of the applicability of equation 
(10). As this equation contains no exper inentally ohtainod 
correction factors, it constitutes an added approval of 
the applicahility of ilusselt's discharge factor for sinilar 
cases. 

"Stationary" or "Dynanic" Treatnent of Scavenging Cycle 

The accord of the true with the theoretical pressure 

distribution en the basis of stationary discharge formulas 
nakes it necessa.ry to regard this probleri also (reference 
3). 

Pundanentally it involves tv/o questions, to wit: 
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1) Is tlie effect of acceleration so great that an 

appreciaole departure fron the law of discharge 
for stationary conditions is inninent? 

2) Is the flow in the cylinder like that in a sta- 

tionary flow? 

To question l) - accordinfj to figure 5 no such de- 
-/cirturo is discorni'ble in the present case. Adnittodly 
,tho conditions in the Junkers cntiine are particularly fa- 
Torahle to the extent that the scavenging ports connect 
directly with larger chanhcrs serving as receivers. Then 
it is, of course, always attempted to arrive with a scav- 
enge port greater than the naxinun port section. But even 
if this v;ore ptherv/ise, the value a = ^o^ol"^ (the cri- 
terion fnr the departure fron the stationary discharge 
forunlas, equation (15) in reference 3) is usually so 
great* in the usual designs that any appreciahle effect 
I'/ould have to he considered as special case. 

To qiiestion 2) - there is no douht that hare a non- 
stationary process of the nost complex kind, is involved. 
Hence the general acceptance in practice that reliahle 
tests on scavenging qiiality nust ho nade while the engine 
is running and that experinents on stationary nodels (for 
instance, reference 4) neroly afford rough reference data. 



Scavenging and Boosting 

With the foregoing result of being ahlo to predict 
the pressure curve and tlie scavenge air input 'in a certain 
case, it is nade possible to ini'-e s t i gat e the problen of 
obtainable power and best arrangenent. In the face of the 
nany variables involved - constructional arrangement s , di- 
nensions of inlet and exhaust ports and their position iA 
the control diagran, anount of scavenging air and head 
scavenging pressure, type and efficiency of blower onployed, 



♦Hornally the rate of inflow v/q assesses at about l80 
n/s the total angle during which the scavenge loorts are 
open, amounts to about' 100°, so that the port. opening lasts 

r:r.O ^ 50 50 8.3 . 1500 « ^ n 

50 or to - — = ; hence a = . A design less 

n 3S0 n In 

pronising in this respect is illustrated in fig* 121- of 
reference 11, whore n = 500, I = 0.22; hence 

1500 „ ^ 
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and, lastly, the scavonginf; nethod- v it is adnittedly un- 
likoly that -there is- only one favorable solution. . Tho 
proser-t article is thorofore restricted . t o an exanina- 
tion of the fundanental relationship of various variahl'es 
while attcnptinc for the rest to survey tho other rela- 
tions fi-on the data. 

. ^ To -Jefiin with, wo thorofore linit the variahlos hy 

fixed assTinptions to two, nanel;;-, scavencing pressure and 
volune of scavenfiintr air. The effect of change of these 
quantities on the on^jine power is explored. To avoid 
unnecessary difficulties in the calculation, a sinplc do- 
sigu is chosen: a sin/:le-piston engine with n D = 100 
(reference 11), conventional piston-controlled exhaust 
ports, inlet ports with sleeve valve which controls the 
start of inlet. The relative width and height of tho 
rectan.jular exhaust ports is 0.9 and 0.14, respectively. 
The dinensions of the scavenging ports and of the sleeve 
valve are such as to satisfy tv;o ohvious conditions: ■ 
1) tho sleeve valve opens after the cylinder charge has 
heen sufficiently relieved thror.gh the exhaust; 2) the 
tine area of the inlet is so designed that a return of ■ 
scavenge air in the receiver is precluded or is at least 
so snail as to induce no appreciable charging losses. 
The instant of opening of the rotary sleeve valve can ho 
defined h;,- conpv.ting tho tine area for the exhr.ust load. 
To check the conpliance with condition 2) the pressure 
curve during scavenging nust he knovrn. 

The opening monent of tho sleeve valve can he accu- 
rately deternincd fron the exhaust-port dinensions hy 
neans of equation (10) (ig = O) and approxinately with 
eqti.ation (6a) of reference 11. In the latter case, the 
equation 



n D 60 ^i, \r2~¥2 «• - 1 

nust he evaluated. 



j (PjP) BK - 1 j 



This equation is given incorrectly in reference 11 as a 
result of int crchanged nunerat or and denoninator of the 

factor ^ . The wording ahove is 'correct, hut i.-t should 

he observed that . the \Jf value according to Husselt already 
contains the- factors p. and ^2 g- The equation is approx- 
inately valid only, because it prenises the cylinder pres- 
sure in excess of the critical during the whole exhaust 
cycle. 
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With the assessed values: Pa = 40,000 kg/n^ abs ; 
Ta = 073° K; the ^ value according to ITussolt = 1.748; 
relief pressure P = = P i = 10,000 kg/ins and kg = 

0.86 + 0.06 =0.92, we have 
1 

Sa = 0.031 

The shaded area in figure 6 nust correspond to this 
figure (note the scales). In this nanner the nonent of 
opening of the sleeve valve is ascertained at 21° B.T.C. 
The rotatory speed of the inlet sleeve valve, that is, 
the sloxjo of the opening; line, is assuned to he knoiirn. 
With a 17—percGnt scavenging-port height at = 0.8, 

for instance, figure 5 can be conpletely plotted. The 
evaluation of this diagran affords the lines 2 to 7 and 
14, 15 in tahlo 2. Then the xDressn.re curve for the scav- 
enging pressures cited in tahle 5 is dote mined. Table 
2 and figure 7 contain the conplete calculation for Pg = 
15,000 kg/n2, for the other scavenging pressures only the 
pressure curve is indicated in figure 7. 

As regards the processes acconpanying scavenging, 
table 2 (and specifically the values on line 11, 12, 13, 
and 16, which together forn the values in line 17) is 
■tery instructive. 

To illustrate: If the nunerical value of line 13 is 
positive great at high positive values of line 17, it 
neans that the pressure rise is due to the preponderance 
of inflow. But if the value in' line 13 is sraall,' zero, 
or negative even, the value in line 16 positive, then the 
pressure rise is duo to the conpression of the charge as 
a result of piston notion. 

The findings are as follows: As for the Junkers en- 
gine the curve for the pressure rise is nade up of three 
pieces. The opening of the scavenge port is innediately 
followed by a steep pressure rise as a result of the in- 
flowing scavenging air. In the central portion, the 
pressure curve is flat, with a cylinder pressure about 
the sane as that for a stationary cylinder flow v;ith wide- 
open exhaust and scavenging ports (values in line 13 near 
zero). Toward the end of the cycle the pressure .rises 
anew , as a result of the conpression due to piston notion 
and because of the fact that the charge flow-off is pre- 
vented by the rapidly reduced exhaust . area. 



Since the tcrninal boost pressure at Pg = 20,000 kg/n^ 
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1 s 
P 



Pg , at Pg = 15 ,000 ^aig/n'^ about equal to 



s • 



lower than 

hut at low scavenging pressures higher than P 



s ' 



the 

port dinonsions are in this respect correct or rather too 
snail for scavengin/? pressures ahove 15,000 kg/n^,' hut 
too great for those below 15i000 kg/n®. As a general 
rule, low scav.onging pressures require snail port area. 

Another fact established is that, apart fron tenper- 

aturo., the head of the boost pressure is not solely de- 
cisive for the suitability of the arranti-onont , but also 
the nor.ont , or rather, the piston setting at which it is 
obtained. All boost pressures located on the sane con- 
pression curve are equivalent (figs. 0 and 9). Hence the 
desirabilitj- to roach naxinv.n boost pressures as early as 
possible. In this respect, engines with controlled-ox- 
haust port or valve-scavenging engines in which the scav- 
enging air is inducted through the port, and the exhaust 
evacuated through valves, as -well as double-piston and 
auxiliary-piston engines are superior. 

The scavenging air input is preferably referred to 
the displaccnent , in order to avoid the assumption of def- 
inite dinonsions for strokii and bore in this general ox- 
anple. 



liquation (23) then t aires the fern 



= A G 



IT D 



Srel 



I 120 is 
L -rr^ n Vg J 



A a 



(2Sa) 



Por instance; for P^ = 15,000 kg/n^ and Tg = 343° abs. 



^s = 



E. a?s _ 29.3 X 343 



15C00 



= 0.67 



h once 



120 i 




L TT^ n D V Vg J 



= 14.50 



Pucsults and internediate values arc given in figure. 
10 and table 3. 



A part G"boost total ind^icted scavenging air 
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Gg is utilized to' toost the cylinder pressure from Pj^ 
to P^, while the remainder of the scavenging air &gp 
scavenges the cylinder. This ceans that Gsp of itself 
could not produce a pressure rise in the cylinder, whence 
thi3 inconing CJgp is faced "by an identically great out- 
flowing volume. 

A pictui-e of the co\irse and the success of scaveng- 
ing may now ho ohtainod hy separating the processes which 
in reality are contemporary v/ith respect to time and space: 
Visualize in the cylinder a very thin, floating piston serv- 
ing merely as partition (fig* H) » whose position is gov- 
erned by the condition of equal pressure ahove and helow it. 
Then assume that G-faoost enters in chamber 1, &gp in 
chamber 2 with the sane time rate of distribution as occurs 
in reality. The pressure in both chambers rises from P^ 
to Py. The pressure is plotted as rising curve in rela- 
tion to the auxiliary piston setting. ilote that the pres- 
sure rise in chamber 2 is, conformably to assumption, due 
solely to the volume change caused by the auxiliary piston, 
not to G-gp. After termination of the process the auxiliary 
piston is removed and the charge nixed. Since the total 
input is the sane as in reality, the amount of fresh air in 
the cylinder will be the sane in both cases, with the pro- 
vision, of course, that the quality of scavenging remains 
unchanged. Following a temporal separation, the process 
then is as follows: 



1. Phase: The auxiliary piston is directly at the 

cover, Ggp flows through the ports and scav- 
enges the cylinder. The pressure in the cylin- 
der is unalterably equal to P^, At the end of 
this phase exhaust and inlet ports close. 

2. -Phase: Gboost enters chamber 1, the pressure in 

both chambers rises from Pn to Py. Then the 
auxiliary piston moves, the terminal state is 
the sane as before, if the scavenging efficiency 
is maintained. At this stage the relation be- 
tween auxiliary piston position and cylinder 
pressure is- readily obtainable, provided the 
cylinder volume remains always equal to Vq, 



Having assumed adiabatic change of state in all chambers, 
that is, in chamber 2 also (heat exchange, betv/een fresh air 
and rest gas outwardly does not appear) it is at any in- 
stant 
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r ^ ~ 



(24) 



Consider, the, any instant of phase 2: The pressure 
in "both chanbers is P, tho volume of chanlDor 1 is • 
As tho auxiliary piston noves J j_ is changed hy d Vi 
in tine interval d z, at the sane tine as d G-jjoost 

enters. According to equation (3) this quantity of air 
has a volune 

^ ^hoost = ^ ^ Soost (25) 

hence displaces an identical volune of the charge fron 
chanher 1. Thus the charge volune of chanher 1 underwent 
a chanjje auountin/r; to 

^ total = <^ - <i V.oost (26) 

This change of phase also is adiahatic. Hence (see 
e quat ion (7 ) ) : 

Pron eqiiations (24) to (27) follows: 

hoost Pg vg I ^ K ^ / 



1 1 

1 fwr, -rr N . 1 - K „ . ^ 1 - K 



^cl(P VJ + i-^:-^ d P - -^^-^ Vv Pn^P'^ dp)(28) 
^ K K J 



K Ts - 

v/hich, integrated and the corresponding Units inserted, 
gives 

P Y 1 - P /p 
ET3 K 



Since, as a rule, it is- nore expedient to refer 
^"boost *° displacenent, it affords tirith 
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ks = or k3 = 1 - hs^^3_ + VJB-^ s 

in scavenge-port engines, 

G^ooostrcl - E Tg ^ ^^^^^ 

In thG present exanplo = 1 - 0.17 + 0.06 = 0.89, 

whence G^oost ^^'^ conse<iTiently Ggp = " ^'^ooost 
■fae conputed (ta'ble 5). 

However, equation (29) holds only so Ion/-; as Pv - Ps • 
With Py>Pg; i.e., scavenging air flowing "back 
into the .r ecG iver , the solution of G^boost uncertain. 
It is safer then to put = Pg. 

VHiile G-jjQQg^ then renains conplotely in the cylin- 
der, hence wholly available for conhustion, Ggp scavenges 

the cylinder \ifith result similar to the conventional 2- 
strokc engine with syn;:)etrical control diagram. Those con- 
ditions can "be graphically represented hy plotting the scav- 
enging a.ir volume left in the cylinder after scavenging 
against the scavenging medium input k in parts of the dis- 
placenont, with parts "by volume of cylinder displacement as 
usual, as ordinate scale (references 2 and 11). It yields 
a curve which in principle approaches, after a more or less 
stoop rise, a horizontal lino asymptotically, which theo- 
retically should lie at distance 

TV 3 

1 - hg^^^ + Yq/ '"" ^ s from the ahscissa (provided hg > h^) ■ 

The shape of the curve is therefore dependent on the port 
heights and the size, of the compression chamher. ' On the 
other hand, plotting the scavenging air volume remaining 
in the cylinder in parts of Yq, affords a relea,se from 
these quantities, the asymptote lies in all cases at dis- 
tance 1 from the axis of the abscissa. Por the same rea- 
sons it would also "be correct to plot the scavenging input 
in parts of , but that v/ould introduce difficulties of 

another kind. 

Por 2-stroke engines with symmetrical control diagram 
and crankcase . scavenging pump, a series of such curves 
taken hy List (reference 3) arc available. Although the 
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tests serving as a "basis for these curves were not nade 
on^ the running -engine and the altered ^condl t iijns of the 
present exanple (constant scavenging pressure, higher 
pressure in cylinder during scavenging, etc.) undouhtodly 
affect the individual point on the curves, they still are 
representative of the fundanental shape, v/hich, after all, 
is of paranount inportance in a general study. Thus . the 
curve for reverse scavenging and 1.48 "bore-stroke ratio 
is to 'oe used after proper conversion and careful conple- 
raent for the subsequent arguaents (fig. 12). Ohviously 
it is to he noted that in 2-stroke engines with synnetri- 
cal control diagrains the volume of scavenging air is re- 
ferred to the state of the atno.sphere. Using the previ- 
ously cited division of the scavenging jjrocess with re- 
spect to tine and space in a hoosting and a scavenging part 
as a hasis, it follows that the volune is defined oy the 
lowest cylinder pressure P^^* and the tenperature of the 
scavenging air in the receiver, that, according to eauation 
(3) 

Vsp = Vs ^ ^ (30) 



Pr 



n -^n 



whcnc e 



Vsp = Gsp (31) 



"n 

or, vrhon resorting to the correlated values, 

^ s = Gsp^ ^-^ (32) 

The air-input factor then permits the determination of the 
air volune renaining in the cylinder (for instance, "by 
neans of fig. 12) fron which the corresponding air weight 
Ge can "be ascertained. The sun G^ = G-boost + &e rep- 
resents the total result of scavenging and boosting, it is 
the air volutie available for cpnhustion. 

In tahle 4 the results and several interncdiate values 
of the calculation as applied to the exanple are shown, 

*In the exanple, it is Pn = Pi = Pu' th i s , hoxire ver , need 
not always he the case, as explained farther on. 
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while 
Tsasis 
the sun 



figure 13 giving the sane data as curves, forns the 
for the sGloction of the scavenging pressure. . Jor 



computing the 
for the pov/cr 



hi = ^Tsoost foms the starting point for 

indicated pov^cr, 
a'b sorption of tho 



G-a and 
blower , 



•'s 

in 



arc decisive 
conjunct ion 

with tho p'ower-plant friction thoy are the quantities 
which define the effective power and tho mechanical ef- 
ficiency.. Obviously, their solution is contingent upon 
the values representing the known air-fuel ratio, and con- 
"bustion as v/ell as the conpressor characteristics! It 
will be observed, of course, that tho conpressor charac- 
teristics nust be already accounted for in the doternina- 
tion of Tg, which had been tacitly assuned in the exan- 
ple. Since the calculation of the indicated power in 
nixturc scavenging engines introduces additional diffi- 
culties, the treatnent is for the present United to 
Diesel engines. For such engines, a theoretical air re- 
quirenent ^nin °^ fuel, an air excess factor ^ , 

•and an indicated fuel consunption bi without regard to 
oxygen content of exhaust gases, affords 



p. . 27 -±i£2l 
^ X b 



i •'^n in 



(33) 



To conpiite the conpressor output or its corresponding nean 
pressure, the conpressor cycle nust be knov;n. The course 
of the conprossion and expansion curves as well as the air 
inlet and exit control nust, of course, be taken into ac- 
count. Isothernic conpression is probably never attain- 
able (reference ll). V/ith adiabatic conpression, it is 



Pgt = "^grel ^1 K - 1 



K~ 1 



(Ps/Pi ) ^ - 1 



(34) 



while for compressors featuring 
(Soots blowers, etc.) 



a sudden pressure rise 



gt 



= V 



Sr el 



(Ps - Pi) 



(35) 



At low scavenge i^ressures the last equation can also be 
onployed approxinately for adiabatic cou.rso of the conpres- 
sion curve. In all cases the total efficiency r\g nust 
be known from which then the nean pressure corresponding 
to the actual blower pov/er is obtained at 



H.A.C.A. Technical Mcnorandxin Ko. 908 



25 



= .^,k.e/n^ or p = -Isl kg/cn2 (36) 

^ Tig - S 10000- Tig - - - 

The ternination' of the oxanple stiptil'ates certain 
acsunptions rosardin/;; conhustion, f;ear losses, and con- 
prcssor characteristics, which in reality must bo replaced 
hy test data. As re^^ards the total efficiency of the 
blower itself, its relation to the back pressure nust also 
be accounted for. As a (jenoral rule, the total efficiency 
increases with increasing pressure in blowers whoso volu- 
metric efficiency does not drop abnornally with increasing 
back pressure, since the leakages can bo kopt at a nininun 
by construetive safeguards. Hut if the leakages cannot bo 
reduced below a certain sta;-;c, i.e., the rolunctric effi- 
ciency drops rapidly as tho back pressure rises (iioots 
blovrer, positive d i spl r„c en on t tj'-pe) the total efficiency 
drops very rapidly v/ith increasing; pressure after r eaclaing 
a naxinua value. 

It v;ould serve no useful purpose to include assunxJ- 
tions concerning the course of tho blov/er efficiency in tho 
exanplo and so restrict the general validity still nore. 
Hence wo shall figure with a value of ■n,,. = 0,6 unrelated 

to the back pressure. The conbustion is characterized by 
tho following values: 

Lnin = 13.85 k,-;/kg (gas oil), X = 1.8, bi = 0.14 kg/hpi-h 

goar friction at 10 percent of the indicated hp. , so that 
Per ~ ^'^ ^?i' ^I'his gives tho values of table 5 . and , in 

turn, of figtire 14. According to it, the highest mean 
pressure obtainable under the given conditions is 5.9 kg/cn^ 
at Pg = 14500 kg/ns scavenging pressure. The aspect of 
Tin should also be observed, which amounts to t^q ■ = 0.75 at 
Pe = 5.9 kg/cn®. 



Effect of Port Dimensions and High Speed 

The nodol example has. denonstrated the basic relations 
betv/ocn scavenge air pressure and scavenging voluiie as well 
as the effects on scavenging and boosting result, i.e., on 
the output. In the design, the numerical influence of dif- 
ferent port sizes nust, of course,, be considered in order 
to assune the most effective arrangement for tho particular 
conditions. Lut for merely following the effect of port 
size in general outlines it suffices to simply change one 
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quantity equivalent to the tine area of the ports, i.e., 
the engine characteristic n D. This has the advantage 
of rendering part of the data oljtainod fron the exanple 
anenatle to use. The calculation for a scavenging pres- 
sure of Pg = 20000 kg/n^ and n D = 100, 200, and 300 
yields (table 6 and fig. 15).. In view of the fact that 
in the chosen arrangencnt the second steep pressure rise 
is less due to the inflowing air than to notion of the 
piston, i.e., conpression of the charge, an exanination of 
figure 15 and tahle 6 yields the following: The height 
of the achieved torninal pressure in in surprisingly wider 
licit s iiidopendent of the high speed and hence of the port 
area itself. The steepness of the pressiire rise changes 
in the first part of the scavenging period, and the scav- 
enging voluriG Gg. Thils an increase in speed or a reduc- 
tion of the scavenging ports within certain linits lowers 
the scavenging volune &sp» while the "boost volune &T3oost 
renains unchanged. Ilonce it is possible to reproduce the 
conditions of optinun air input figure k without ^change 
in scavenge and boost pressure, whereby not only the ob- 
tainable power but under circunstances also -the cooling 
effected by scavenging and in nixture scavenging engines 
the fuel consu-nption arc decisive. Eov/ever, it should be 
borne in ".li:!". that this characteristic is also dependent 
upon tlic relationship of the course of port opening and 
piston notion. Honce other conditions r:ay prevail for 
double, auxiliary-piston and valve -scavenging engines. 

Exhaust 1-ort Dinonsions 

Besidos the scavenging ports, the dinensions of the 
exhaust port can also be changed. For constant exhaust 
load' and constant tino area of the scavenging ports this 
node of action also affects the position of the ports in 
the control diagrans. Furthernore , since the head of cyl- 
inder pressure (in the nedian part of the scavenging perio 
corresponding to the stationary flow depends on the ratio 
of inlet to outlet area, this precaution acts on the whole 
pressure rise during scavenging, i.e., evokes noro far 
reaching consequences than changes on the scavenging sec- 
tion alone. 

Mixture Scavenging Engines 

Here the conditions arc different insofar as losses 
in scavenging nediun are synonynous with fuel losses. If 
L„ij, is the theoretical air requirenent of the fuel, A, 
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tliG ratio of air v/eight input to ^nin> where A nay 
exceed or "be* less than 1, -then 1. kg- of.^..scaveneing nediun 
consists of 33 kg fuel and B Ljain X kg air, or 1 kg 
of scavenging nediun contains 

3 - i jj-g of fuel 

Hence &g kg of scavenging nediun contain B G-g kg of fuel 
of which, however, only 3 = I3(Gq + G-iDoost) ever reach 
conl)ustion, while B(&s - 5^) is carried off unburned. 

With "b^ denoting the indicated f ue 1 con sunpt i on oTd- 
tainalolo in the 'i-stroke engine under otherwise identical 
conditions, the ncan indicated pressure in the 2-stroke 
engine follov/s at 

Pi = 27 (37) 

(1 + ^ Lnin) "^i 

against the true indicated fuel consunption of 

in the 2-stroke engine. Hence the effective fuel con- 
sunption is given "by 

^e = ^i/Tlm =^i/Tln-^ (39) 

"■s 

For gasoline engines- it anounts to appr oxinately : 

■'^nin ~ kg/kg, X = 1,- "^i = 0.2 kg/hp-h. The equations 
(37) and (39) together with the foregoing values applied 

to the iDasic diagran of the cxanple (tahle 7) gives figure 
17, v/hich ex^jlains the conditions in the carburetor engine. 
The corresponding noan pressure wa/s put at the sane head 
as on the Diesel engine. According to figure 16, the fuel 
consunption rather than the obtainable Pg nax is decisive. 
Hence the scavenging pressure should be so chosen that the 
fuel consunption renains in the central flat zone of the 
consunption curve. The absolute height of the consunption 
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in the oxaaple does not justify a negative appraisal of 
such engine, because the port arro,ngenent for this purpose 
is expressly unfavorahlo. It should rather he attenpted 
to roach comparatively snail G-gp at great G'hoost values 
i.e., to provide sKaller port sections. Then the factor 
&^/Gs can he kept great. At the sane tine, considerahle 
residual gas renains in the cyli2idcr, vrhich acts as a re- 
action "brake and increases the knock stahility of the 
nixtu-re. In this nanner, the conpression ratio can ho 
raised and h^ lowered. It is therefore within the 
roaln of possihility to design nixture scavenging engines 
viith conparat ively favorable consunption figures. Engines 
of this type are few. The nuch employed ? engine of the 
Auto-Union renains, notwithstanding the separately arranged 
lift-piston p^xnps , a crankcase engine in its operating 
cycle (reference 10), with synnetrical control diagram and 
natural aspiration. 

It is obvious that nixture scavenging engines Xirith 
separate blower and appr oxinately constant scavenging 
pressure nust be designed as supercharged engines. But 
then their prospects arc not unfavorable, provided, of 
course, that a suitable fan is available. This in turn 
brings the design of 2-stroke alternating engine within 
the roaln of possibility.. 

Pressure Curve Inuring Scavenging with Insufficient 

Exhaust Lead 

If the tine area of the exhaust lead is too short, 
the pressure iii the cylinder during opening of the 

scavenging ports is higher than the pressure in the ex- 
haust nnnifold T-^. . This does not affect equation (ll), 
hence the pressure can be deternined as before, except 
that the starting point of the pressure curve is higher, 
as- illustrated in figure 17, for the conditions of the 
exanple, Pg = 15000 and Pa = 13000 kg/n^, along with 
the pressure curve for , P^ =. Pu* ^I^g niddle and final 
part of the pressure curve renain the sane. The lowest' 
cylinder pressure Pn" becoues substantially higher 
(10,800 kg/n^)., and the total air input Gg drops 
slightly fron 2.197 to 2.183 kg/n^. On the other. hand, 
^boost becones, according to equation (29) equal to 
0.256 as against 0.316 kg/nS for Pa = 10000 kg/n^. Pre- 
cisely the nost valuable part of the scavenging air - be- 
cause it is not exposed to losses - is reduced. 
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The effect of a rise of in the eixhaust nanifold 

over-'the-atnospherie^pre.ssuEe.-jLs.. sinilarj ... As . . Py^ or P^ 
increases the advantages of - the nnsynnotrioal control dia- 
gran vested in the supercharge are nore ' and nore lost, 
the cycle of the cngino approaches that of a common 2- 
strokc engine operating in proxinity of higher pressure. 
Ihis could l3e ohtained equally as well in a different man- 
ner; say, by throttling the exhaust. Then it no longer 
involves a supercharged "but a pressure-scavenging engine. 
These facts assune special significance in mixture-scav- 
enging engines. Hence the design rule of ample exhaust 
lead o.'^d of exhaust piix)s designed for minimum flow resist- 
ances and. absence of deleterious exhaust vibrations. 



Blower 

The greatest problem in 2-s t roke- engine design re- 
mains as before the blower. In stat ionary . and ship plants 
of normal high speed the piston blower has proved practi- 
cal and remains a favorite in spite of its comparatively 
high price. More recently the Eoots blower (the modern- 
design types) has. also found some favor. Its fitness for 
this purpose is unquestionable, although its assembly with 
the engine does not enhance the general appearance, and 
the noise abatement presents difficulties, which, however, 
will be overcome. 

I3ut , for small high-speed engines, the blower still 
remains the most serious obstacle. Only the well-known 
Junkers with single-acting piston pump has made any head- 
way in this respect. No rotary blowers are used except 
for experimental purposes. The difficulties are too well 
known to require repeating, except for some remarks about 
the demands of the supercharged engins on its blower. 

Tj-pical for such an engine is the great r.p.m, range 
within which it must operate and remain "elastic." The 
concept of 61asticity may be considered as being cleared 
up (references?, 13, and 14) . Aside from other charac- 
teristics - in this case uninport8,nt - this means that 
the moment characteristic curves (pg) from a point located 
at the lowest possible r.p.m.,' must be descending with in- 
creasing r.p.n. at all throttle or fuel ptunp settings. 
Four-stroke Otto engines satisfy this requirement so much 
better as the ratio of section'of carburetor air scoop to 
piston di si^lacenent is smaller. In Diesel engines, this 
characteristic depends chiefly on the fuel pump. It 
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usually calls for sone artificial intervention, at least 
in the slov? speed range. Although the 3-stroke-cyclo 
Diesel engine does not rest solely on its punp character- 
istics, the argunents here are confined to the Otto engine 
(nixture-scavenging type) because it brings out these con- 
ditions nore sharply, 

fhe deternination of the pressure ■ curve and of the 
scavenging volune of a certain engine (= exanple) at dif- 
ferent r.p.ri. or different n D affords the curves shown 
in figure 10. Plotting a straight line parallel to the 
ordinate axis and then the scavenging pressures corre- 
sponding to the intersection points against the- n D, we 
find the connection between scavenge-air pressure and 
r.p.n. for constant scavenge-air volune (fig. 18), i.e., 
vrith a blower vrhose efficiency is independent of the r.p.n. 
and the back pressure. She rising boost pressure indicates 
an increase in &boost conseq^uently a drop in &sp = 

^s ~ ^boost» through which k becomes smaller. 0?he re- 
sult is that the share G-q of ■ G-g-o left in the cylinder 
is conparativcly greater. Hence . the q_uantity of nixture 
left in the cylinder and conseq.uently also p^ increase. 
Admittedly the blov/er output itself increases, but this 
can make good the rise in -pj^ only if accompanied by a 
substantial drop in the total blower efficiency. But that 
\?ould be follov/ed by very adverse fuel consumption figures. 
The requirement therefore \irill Tje that the blower reach 
its maximun efficiency at comparatively lovr engine speed 
and low back pressure and that it decrease at increasing 
speed V7ith concurrent pressure rise. At the same time, 
the over-all efficiency throughout the whole range should 
be as high as possible. Por a number 'of reasons only the 
rdtary hlovrer comes in question on gasoline-driven mixture- 
scavenging engines. The only reliable rotary blovrer for 
high 'speed at present (the positive displacement blov/ers 
of importance for airplane engine being disregarded in 
this co'nnecftion) .is the Soots blo\';er in its modern design 
versions. The efficiency of this blower increases at un- 
changed back pressure w^ith the r.p.m. At constant r.p.m. 
the efficiency drops very quickly v/ith increasing back 
pressure* ". Since the last effect is certainly predominant 
this type appears, v/ith proper choice of dimensions and 
'speed, or better, of the ratio engine speed to blovrer 
spe{?d, to satisfy the above requirements (Veriediger thinks 
otherwise, reference 8). 
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Crankcase Sngines 

Thu foret-^oing invostigatious deal exclusively with 
2-s-far"oke engines v/ith separately disposed "blowers for 
v;hich the scavent~inc-air pressure is approximately con- 
staut. In true crankcase engines (characteristics: scav- 
enging pressure drops to around atnospheric pressure, 
scavenging-air volune, referred to displacenant , smaller 
than 1) the application of unsymnetrical control diagraias 
secns at present useless, as no boosting is possible. 
But oven in such engines an unsymnietrical diagram may "be 
of advantage, because the exhaust_ section can be reduced 
without reducing the the exhaust lead and the closing 
of the exhaust port can be effected before or vjith the 
closing of the sca^renging port. Those neasures can in- 
fluence pov/er and consumption. If, in addition, the con- 
trol diagram is variable, improved flexibility may result 
under certain c ircunstances (reference 9). Moreover, un- 
synraetrical adjustable control diagrams can be obtained 
v;ith very simple constructive means. 3?ho mathematical 
treatment of these conditions appears at present hopeless, 
vrhich makes experimental elucidation of the problem that 
much more necessary. 



COIICLUSIOH 



The present state of engine design is characterized 
by the fact that in various fields of application the 4- 
stroke ent-^ino has reached its potential limits. Thus, for 
given v/eight or space conditions (aircraft engines, trucks) 
the output can in many cases be reached only by supercharg- 
ing. On 4-stroke aircraft Diesel engines even this measure 
barely suffices to assure adequate volumetric efficiencies, 
v/hich explains the limited use of such engines. For these 
spheres of application, the change to the 2-stroke engine i 
just as inevitable as it was tvro decades ago in the design 
of large engines. The very fact that a 4-stroke engine fit 
ted with supercharger has the same structurally undesirable 
features as the 2-stroke engine leads to a preference for 
the latter. And this explains v/hy everyv/here* the develop- 
ment of the 2-strofce engine is pushed energetically. 

♦Sve'rywhere (f6r instance, reference 1) and not " in Germany 
alone, to quote an English revievjer of ny book: The most 
patriotic Briton or frenchman could hardly deny to German 
(Continued on next page) 
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Tho present article is an attenpt at supplying the 
nathenatical data for a partial pro'blein of 2-stroke-en- 
gine design as indicated previously (reference 11). Tho 
application of the calculating method is predicted on the 
knowledge of the scavenging output curves (see fig. 12): 
esta-ljlishnent of these curves at different conditions is 
one .of the nost urgent necessities of 2-strolce engine de- 
sign. However, even with the availalJle data, the nethod 
can he used in the design as a check. The prediction of 
the pressure curve is a tino-consuning task. But even if 
it effects only a saall saving in experimental lahor the 
task vrill he well paid. 



Translation "by J, Vanier, 
National Advisory Connittee 
for Aeronautics. 



(Continued fron preceding page) engineers the credit for 
the greater part of the progress that has "been nade (the 
.4-stroke Biesel is neant) and it is therefore instructive 
to see hovj- in Germany the 4-stroke type has received a 
check, and now, T3oth openly and hehind the scenes, there 
is feverish activity in the developnent of snail 2-stroke 
Diesels (Engineering, July 24, 1936) 
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Piuri: no . 


1 


2 


... ' . 1 


4 


6 


a 


2 


J a 


0.0786 


0,0785 


0,167 


0,167 


0,167 


0,157 


3 


'"^"" + 0.06 
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0,976 


1,002 


1,029 


1,0476 


1,0555 


4 


f..., 


0,00542 


0,01985 


0,0422 


0,06761 


0,08293 


0,08886 


5 


/aril 


0,0866 


0,0908 


0,0908 


0,0908 


0,0908 


0,0908 


6 


/'■ ral 


0^00589 


0,020« 
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0,0666 


0,0791 


0,0842 


7 
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0,093 
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0,0882 


0,0866 
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8 


'''assumed 
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10050 


10060 


10150 


10600 
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11600 


12200 


12300 


12400 
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1,36 
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1,292 


1,160 


1,176 
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1,033 


1,013 


0,972 
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0 
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0,631 
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39200 
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70 
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— 0,013 
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lAz+Av\' 1 
\ > /3a 
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— 0,1423 
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— 0,012 
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+3150 


+840 


+3542 
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1 1,36 


1 


90 


1,168 


1 1,043 
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19 




0,00001966 


j 0,0000707 


1 0,000287 


1 0,0004126 


1 0,000464 


0,000461 
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«.,.■ 
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0,050 


0,0363 


a01985 


0,00542 


s 


0,0903 
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0 


0 
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i 
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0,0855 
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0,0528 
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0,0837 
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12700 


129001 13100 


14000 


13700 
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16400 


15600 
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0,952 


0,972 


0,962 


0,972 


0,952 


0,906 \ 0,862 


0,698 


0,708 


0,216 


0,075 


— 0,297 


—0,436 


— 0,632 


— 0,617 




1,126 

1 


1,168 


1,142 


1,168 


1,142 


1,168 


1,188 1,217 


1,313 


1,284 1 1 1 ! i 
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60600 


68160 


69160 


6810O 


66600 


66500 


44660 i 42400 


22600 


26660 


6900 


2050 


— 4800 


—7100 


— 2490 


— 3216 
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61300 


60700 
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22200 
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— 1650 


— 4000 
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5400 
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2050 


— 4800 


—7100 
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— 3216 
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+0,0195 


+0,03 


+0,041 


+0,023 


+0,027 


+0,029 


+0,029 


15 


+ 0,0645 


+0,1196 
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+0,344 
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0,67 
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— 0,575 


H 


0,000467 


0,000446 


0,000417 


0,0003065 


0,0000877 


0,0000199 


— 0,0000226 


— 0,00000816 
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15 
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0,0818 
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5 

0,1636 
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0,1376 



7 
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! I 

0,965 I 0,930 I 0,904 ' 
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+0,032 ' -1-0,040 ' -{-a024 -|-0,0276 



-1-0,0698 
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1,04 
0,40 



1,013 
0,343 
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Table IV 
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13000 


ISOOO 


20000 




0.925 


0.966 


1.005 


L093 




0.748 


1^96 


1.892 


3.1 


Best 
in Cy- 
linder 


Pirlaof 

Vv(frQm 

rijisr 


0.50 


0.76 


0.81 


0.82 




0^ 


0.7 


.0.718 


0.GB8 



Table III 



P, kg/m= 


IIOOO 


13000 

k 


16000 


20000 




316 


330 


343 


373 




0,842 


0,743 


0,67 


0,546 


\/'f~ 


144500 


174300 


JU6UU0 






19,1 


19,1 


19,1 


19,1 




11,4 


12,86 


14,68 


18,62 


P, kg/m' 


11500 


13350 


16050 


19400 


G. „, kg/m' 


0,876 


1,642 


2,2 


3,28 




0,068 


0,1067 


0,310 


0,347 



Table 7 



p. kg/m= 


11000 


13000 


ISOOO 


soooo 


p, kg/cm' 


4,32 


6,95 


8,05 


9,4 


p„-Ofip, kg/om' 


3,88 


6,25 


7,26 


8,4S 




0,74 


],3» 


1,86 


2,77 


P„ kg/m' 


710 


3780 


8000 


21300 


p, kg/cm' 


0,118 


0,63 


1,33 


3,6 



Table VI 



p. kg/m» 


20000 


n D m/min 


100 


200.' 


300 


P, kg/m' 


19390 


19220 


19000 


C.„, kg/m" 


3,28 


1,6918 


l',1617 



Table VII 



p. kg/m= 


11000 


13000 


15000 


20000 


C.„, kg/m- 


' 0,876 


1,642 


2,2 


3,23 


a.„, kg/m- 


OMt 


0,8967 


1,034 


1,21« 


GJG, 


0,625 


0,M7 


0,47 


0,37 


p, kg/cm' 


5,01 


8,07 


9,3 


10,95 
■ 


p„ = 0,9 J), kg/om' 


4,61 


7,26 


8,37 


0,86 


p, kg/cm» 


0,118 


0,63 


1,33 


3,6 




0,877 


0,822 


0,757 


0,672 


5. kg/Apli 


0,365 


0,423 


0.662 


0,946 
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Scavenging 
airJT^- 



£xhaust 
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air 



Exhaust 
opens, 




T.C. top 



.Bzhaust 



Jj?« w' y (p^Q 



Figure 2.. !IHro-8troke 

cycle 

ezigine with asynmet- (j 
rical control diagreai^ 



"opens 



Figure 1«> Two-stroke cycle engine with 
syaiinetrical control diagram. 





Top piston 



n 
& 

R 



" . : I Bottom piston s 



Figure 3.- Piston path 
curves and 
referred part dimensions 
of the Junkers engine, 
defining the geometrical 
principles for evaluating 
eq. 15. The following 
relate to table 1. To 

illustrate: part no. 10. of bottom piston 

The shaded areas give fg rei(=0.06751) and f^ ralC=0.0543) , i.e. 
the values of line 4 and 5; the length X-X -f ' 

s - X 



03 



. -el (=0.0543) , i 
0.81(= 0.979} is 



equal to 



Figure 4.- Indicator card of the scav- 
enging cycle of the J-cmkfirs 
engine *> experimental values: n s 560, 
volume of air indicated ly blower: 1:74 
m^/min. .room temperature 18°C. 735mm/Hig. 



8 



+ 0.06, I.e. the value of line 3. Hence 



^'s rel = 0.06751/0.979 = 0.069 and f'^ ^el = 0,0543/0,979= 
0.0555 and are the values of lines 6 and 7. In addition, the 
difference of II II - III III = 0,041 = (Ay - /ax)ys, line 14. 
gives 0.041/0.979 + L(Ay -Ax)/s] which, multiplied 1/Aa 
gives the value of line 15. 
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rigs. 5»6.7,12 



P 



Part no. 




ivWV I • ymm j ' i i | | i \ < i ■ i * i i i i ' t i | > i i . . _ . 

B.T.^^'^*"' ^° T.C. ^i?" i?" 48?" 



of top piston 



A.T.C. 



Yigore 5^- Pressure 

variation 
daring seavengisg 
cycle in the Junkers 
engine. Solid line; 
coBiputed; dotted 
line; indicated, as 
obtained tgr 
replotting fig. 4. 



Part no. 




»" T.C. 10' 20' 30' ^ SO'k.T^Xi, 
Parts of volxuoe. 



Figure 6... Piston path and 
part height for 
illustrative engine, fhe 
evaluation gives, as in 
figure 3, the lines 3.4,6,6, 
7,14, and 15 of table 2. 



as 



0.e 



on 



0 

2)20Jn 



on OA OtS 0,g_ fO ZS_ j4 2J} 2.2 

Parts of stroke volxune, k 

Pigure 12.- Scavenging results for 

loop scavenging (adopted 
and extended according to reference 2) 
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Tifure 9.~ Despite the fact 
— that Pyi l» einaHer 

than Pya tbe , charging ««stilt 
in the first ease is hetter. 
since the pressure line 
eoqptles in a higher located 
pressure line, the charging 
▼oluM is hetter than in tha 
second case. 



figure 8.- Despite the difference 

in ohtained boost 
pressure both scavengings are 
equivAlant, since they pass in 
the saioe compression curve, i.e. 
the charging volume is the same 
in both cases. 
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figure 11.- Two>stroke cycle engine 

with scavengiog and 
boosting seperated in time and sx>ace. 
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Figure lO.o Scavenging pressure 
against scavenging 
voltime for different engine 
characteristics. 
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Figure 13.- Scavenging result. 

Air volume left in 
cylinder against scavenging air 
input* 
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Figs. 14,15,16,17 
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Figure 14 .-Indicated and mean 
effective pressure, 
mechanical efficiency against 
sunount of scavenging air in 
Diesel engines. The maximxun 
Pg can be found ty parallel 
shifting of Pg line. 
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Figure 16.- Indicated and mean 
effective pressure, 
mechanical efficiency, fuel 
consimption against amount of 
scavenging air in mixture 
scavenging engines. 
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Figure 15.- Pressure variation 
during soavenging 
kg /m2 smd 



at Pg" 20,000 
different nD. 



Figure 17.- Pressure variation 
dtiring scavenging, 
for Pa» 13,000 kg./m2. 



N.A.C.A. Teclinical Memorandvun Ho, 908 



Pig. 18 




liO, m/min. 



ffigure 18.- Rise in scavenging 

pressure with the 
r.p.m. and constant scavenge air 
volume. 
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